The activities of the enzymes ethanolamine ammonia-lyase, CoA-dependent and CoAindependent aldehyde dehydrogenases, and isocitrate lyase were assayed in Escherichia coli which had been grown on various sources of carbon and nitrogen. Induction of ethanolamine ammonia-lyase and of maximal levels of both aldehyde dehydrogenases required the concerted effects of ethanolamine and vitamin (or coenzyme) B1 2 . Molecular exclusion chromatography revealed that, in the absence of one or both co-inducers, two repressible isoenzymes of CoAdependent aldehyde dehydrogenase (mol. wts 900000 and 120000) were produced, these being replaced by two inducible isoenzymes (mol. wts 520000 and 370000) in the presence of both coinducers. A similar inducible repressible series of isoenzymes was also observed for CoAindependent aldehyde dehydrogenase. No evidence was found for structural relationships be tween e t hanolamine ammoni a-1 y ase, Co A-dependent aldehyde de h y drogenase and Co Aindependent aldehyde dehydrogenase, but mutant and physiological studies demonstrated that the induction of the first two enzymes is under common control. Evidence is presented for the operation of a previously unreported pathway of ethanolamine metabolism in E. coli.
INTRODUCTION
A number of bacterial enzymes are known to act on the amino alcohol ethanolamine. Catabolism of ethanolamine may be initiated by ethanolamine oxidase (EC 1 .4.3.8) (Narrod & Jakoby, 1964) , ethanolamine ammonia-lyase (EC 4.3.1.7) (Bradbeer, 1965) , or by a biodegradative ethanolamine kinase (EC 2.7.1.82)-ethanolamine-o-phosphate phospholyase (EC 4.2.99.7) pathway (Jones & Turner, 1971) . The principal routes of metabolism of the resultant aldehydes are catalysed by CoA-dependent (EC 1.2.1 .lo) or CoA-independent (EC 1.2.1.3) forms of aldehyde dehydrogenase. Previous inter-species studies suggested that ethanolamine catabolism initiated by ethanolamine ammonia-lyase activity was associated with the CoAdependent enzyme, whereas ethanolamine kinase-or ethanolamine oxidase-initiated metabolism was associated with the CoA-independent enzyme (Shukla & Turner, 1980) . In Escherichia coli, ethanolamine is cleaved to acetaldehyde and ammonia by the cobamidedependent enzyme ethanolamine ammonia-lyase (Blackwell et af., 1976) . Synthesis of this enzyme requires the combined presence of both the substrate (ethanolamine) and the cofactor (adenosylcobalamin, coenzyme B 2), a phenomenon known as concerted induction (Blackwell et al., 1977) . The E. coli enzyme has a molecular weight of approximately 540000, and is composed of six small (mol. wt 35200), probably catalytic subunits and six large (mol. wt 56900), probably regulatory subunits (Pennington et al., 1981) . We report here evidence for the common regulation of ethanolamine ammonia-lyase and CoA-dependent aldehyde dehydrogenase in E. coli. V, -Vo/V, -Vo) against log,,(mol. wt).
Anion-exchange chromatography. DEAE-cellulose (Whatman) was charged according to the manufacturer's instructions. A column (17.2 x 4.0 cm) was poured and equilibrated with 0.05 M-Tris/HCl buffer, pH 7.9, containing 20% glycerol and 4 mhldithiothreitol. The enzyme sample was dialysed overnight against the equilibrating buffer. After loading the sample and washing the column with the equilibrating buffer, bound protein was eluted from the column with a 500 ml linear 0-0-5 M-potassium chloride gradient. Fractions (5 ml volume) were collected and assayed for potassium chloride concentration (conductivity), enzyme activities and protein content.
Assays. Ethanolamine ammonia-lyase activity was usually assayed by the colorimetric method of Scarlett & Turner (1976) , with the added precaution of 5 mM-iodoacetamide in the reaction buffer to block aldehyde dehydrogenase activity. In fractions from the Bio-Gel column, ethanolamine ammonia-lyase activity was assayed by the spectrophotometric method (Blackwell & Turner, 1978) .
The activity of CoA-dependent aldehyde dehydrogenase was assayed at pH 7.6 by the method of Rudolph et al. (1968) and that of CoA-independent aldehyde dehydrogenase at pH 9.1 by the method of Jakoby (1958). Both aldehyde dehydrogenase assays incorporated controls to correct for the activity of other dehydrogenases in the enzyme preparations. Isocitrate lyase was assayed by the method of Dixon & Kornberg (1959) ; ethanolamine oxidase by the method of Narrod & Jakoby (1964); and ethanolamine-o-phosphate phospholyase by the method of Jones & Turner (1973). Protein concentration was determined using the biuret method (Gornall et al., 1949) .
All enzyme activities are expressed as nmol substrate converted min-(mg protein)-' or (ml fraction)-I under the prevailing assay conditions. Statistical analysis. The data presented in Tables 1-3 were obtained from experiments laid out in totally randomized designs, with four replicates of each treatment. The data were assessed using a standard analysis of variance procedure and are presented as the mean value of four replicate cultures for each treatment, with the corresponding values for the least significant difference at the 5% level (i.e. LSD 5%) for each experiment. All other experiments were performed at least three times and the mean data are presented.
RESULTS

Effects of carbon and nitrogen sources on enzyme activity profiles
The activities of four enzymes involved in ethanolamine metabolism [ethanolamine ammonia-lyase, isocitrate lyase (EC 4 . I . 3.1) and CoA-dependent and CoA-independent aldehyde dehydrogenases] were assayed in E. coli strains supplied with different carbon and nitrogen sources. Activity of isocitrate lyase was assayed to identify the operation of the glyoxylate pathway of acetate utilization. 
Effects of carbon and nitrogen sources on the activities of enzymes of ethanolamine catabolism in E. coli strain NCIB 8114
Concentrations were as follows: glycerol, 5 g 1-; sodium acetate, 5 g 1-I ; ammonium sulphate, 1 g 1-I ; 1-amino propan-2~1,l g 1-I ; vitamin B, 2, 40 pg 1; I . Ethanolamine was supplied at 5 g 1-I (denoted by *) or 1 g Il . The mineral composition of the medium was as described previously (Scarlett & Turner, 1976 Cultures of E. coli NCIB 81 14, grown with ammonium sulphate (1 g 1-I) as the nitrogen source and glycerol (5 g 1-I ) as the carbon source, exhibited significant activity of only the CoAdependent and CoA-independent aldehyde dehydrogenases ( Table 1) . With nitrogen provided by ethanolamine (1 g l-l), in the presence of vitamin B12 (cyanocobalamin; 40 pg 1-I), and carbon supplied as glycerol, increased activities of both aldehyde dehydrogenases were exhibited, while high levels of ethanolamine ammonia-lyase activity were also induced ( Table 1) .
Considerable differences were found between the corresponding enzyme activities in various strains of E. coli. Strain NCIB 81 14 exhibited ethanolamine ammonia-lyase and CoAdependent aldehyde dehydrogenase activities approximately eightfold greater than those of K 12 strains, e.g. NCIB 8797. The two strains exhibited similar rates of cobamide-dependent growth on ethanolamine as the major source of nitrogen, and no significant differences could be detected between the strains with respect to enzyme-substrate or cofactor affinities, enzyme stabilities or to isocitrate lyase activity (P. W. Jones & J. M. Turner, unpublished results).
The presence of ammonium sulphate (1 g 1l) in the growth medium had no inhibitory effect on enzyme induction due to ethanolamine and vitamin B1 ( Table 1) . Replacement of glycerol (5 g 1-I) by sodium acetate (5 g 1-I) as the principal carbon source resulted in the marked induction of isocitrate lyase activity (Table 1 ) and in the partial repression of the other three enzymes ( Table 1) . The repressive effect of acetate on the induction of these enzymes was also obtained by the addition of acetate to mid-exponential phase cultures growing with glycerol (5 g 1l), ethanolamine (1 g 1l) and vitamin B1 (Fig. l) , and could be reversed by the addition of exogenous cyclic AMP. Replacement of acetate by a number of sugars, including glucose, maltose and lactose, also resulted in catabolite-repression of ethanolamine ammonia-lyase and both aldehyde dehydrogenases. Cultures were grown to mid-exponential phase in medium containing glycerol (5 g l-l), ammonium sulphate (1 g 1-l) and vitamin B1 (40 pg 1l), at which point (time zero) ethanolamine was added aseptically to a final concentration of 1 g 1l . Enzyme activity is presented as the percentage of the corresponding activity in the control cultures growing, from inoculation, in medium containing ammonium sulphate, glycerol and both co-inducers. Addition of sodium acetate to a final concentration of 5 g 1-1 at time 40 min (indicated by an arrow) resulted in partial repression of induction (broken lines). Cultures were grown to mid-exponential phase in medium containing glycerol (5 g l-l), ammonium sulphate (1 g 1-I) and ethanolamine (1 g l-l), at which point (time zero) vitamin Bl was added aseptically to a final concentration of 40 pg 1-I. Enzyme activity is presented as the percentage of the corresponding activity in the control cultures growing, from inoculation, in medium containing ammonium sulphate, glycerol and both co-inducers.
Growth of strain NCIB 81 14 with non-limiting levels of ethanolamine (5 g 1l), plus vitamin BI2, as both the carbon and nitrogen source, produced an enzyme profile different from that obtained when the carbon source was glycerol (Table 1) . Compared to glycerol-grown cultures, the activities of ethanolamine ammonia-lyase and CoA-dependent aldehyde dehydrogenase were reduced, due in part to the elevated ionic concentration of the high-ethanolamine medium (P. W. Jones & J. M. Turner, unpublished results), while CoA-independent aldehyde dehydrogenase activity was increased and a high level of isocitrate lyase activity was induced. Growth of NCIB 81 14 with ethanolamine as the carbon source was strictly cobamide-dependent, and no activity was detected of any of the cobamide-independent enzymes of bacterial ethanolamine metabolism. Not all strains of E. coli were capable of cobamide-dependent growth with ethanolamine as the sole source of carbon and nitrogen. Strains NCIB 81 14 and 8797 grew whereas strain NCIB9484 failed to grow under these conditions, though no association could be determined between levels of the enzymes of ethanolamine metabolism under investigation and the ability to grow on this medium.
A mutant (PDT 74) of strain NCIB 8114 was isolated which, with glycerol (5 g 1-l) as the major carbon source, could utilize ethanolamine as the nitrogen source in the absence of vitamin B 2. Under these conditions, a very high level of CoA-independent aldehyde dehydrogenase activity was induced (Table 2) , while the activity of the CoA-dependent enzyme was similar to that of the parental strain (NCIB 81 14) grown with glycerol (5 g 1-l), ethanolamine (5 g 1l ) and ammonium sulphate (1 g 1-l) (P. W. Jones & J. M. Turner, unpublished results). No ethanolamine ammonia-lyase activity could be detected, nor was there any cross-reaction between material in the preparation and antiserum to pure E. coli ethanolamine ammonia-lyase (Blackwell &Turner, 1978) . No evidence was found for the operation of either the ethanolamine oxidase or the ethanolamine kinase-phospholyase pathways in PDT 74, these being the two 
Investigation of the relationship between ethanolamine ammonia-lyase and CoA-dependent aldehyde dehydrogenase
The requirements for induction of ethanolamine ammonia-lyase have been described previously (Blackwell & Turner, 1978) ; namely the presence of both ethanolamine and vitamin B12. Here, induction requirements for this enzyme were compared with those for the CoAdependent and CoA-independent forms of aldehyde dehydrogenase in strain NCIB 8 1 14. Unlike ethanolamine ammonia-lyase, both aldehyde dehydrogenases exhibited significant levels of activity in the absence of ethanolamine and vitamin B, 2, but maximum induction of both enzymes required the combined effect of ethanolamine and vitamin B, (Table 1) . For all three enzymes, coenzyme B1 (adenosylcobalamin) could replace vitamin B1 as co-inducer (P. W. Jones & J. M. Turner, unpublished results), but the light-and temperature-stability of the former precluded its general use.
Time courses for the induction of these enzymes were obtained by growing cultures of strain NCIB 81 14 to mid-exponential phase in medium lacking either one or the other co-inducer, with ammonium sulphate (1 g 1l ) as the nitrogen source and glycerol (5 g 1l ) as the carbon source; the missing co-inducer was then added to the medium, and the increase in activity of the three enzymes was monitored. Control cultures, grown in the presence of both co-inducers, were also monitored in order to obtain the relative induction of each enzyme at each sampling time. Ethanolamine ammonia-lyase and CoA-dependent aldehyde dehydrogenase exhibited induction time courses which were closely similar (Figs 1 and 2) , even to the lag in the induction of both enzymes exhibited when vitamin B12 was added (Fig. 2) . Possible reasons for this lag include the time required for the conversion of vitamin B12 to the true co-inducer, coenzyme B, 2 , or that required for the induction of the B1 ,-lyase and CoA-dependent aldehyde dehydrogenase (Figs 1 and 2) . Induction of all three enzymes by ethanolamine and vitamin B12 was inhibited by chloramphenicol(500 pg mll ) or rifampicin (25 pg mll), indicating an induction requirement for both transcription and translation.
Molecular exclusion chromatography of cell-free extracts from cultures of strain NCIB 81 14 grown in the presence of ethanolamine and vitamin B1 resulted in one peak of ethanolamine P . W . JONES AND J. ammonia-lyase activity (at an elution volume corresponding to a spherical mol. wt of approximately 520000) and two peaks of both CoA-dependent (mol. wts 520000 and 370000) and CoA-independent aldehyde dehydrogenase (mol. wts 520000 and 370000) (Fig. 3) . The fractions in which all three activities co-eluted (mol. wt 520000) were pooled and then eluted from a DEAE-cellulose anion-exchange column, resulting in a single distinct peak for each enzyme (Fig. 4) . The two aldehyde dehydrogenase activities with elution volumes corresponding to a molecular weight of 370000 were also separable on DEAE-cellulose (P. W. Jones Fraction no. Fig. 5 . Elution profile from Bio-Gel A-l.5m of a sample (100 mg protein) of a cell-free extract from a culture of E. coli strain NCIB 81 14 grown in the absence of ethanolamine and vitamin B 1 2 [i.e. with ammonium sulphate (1 g 1-I ) as the nitrogen source]. Fractions (1 ml volume) were assayed for activity of ethanolamine ammonia-lyase, CoA-dependent aldehyde dehydrogenase ( 0 ) and CoA-independent aldehyde dehydrogenase (m). The inset is as described in Fig. 3 , and elution volumes were used to calculate the molecular weights of isoenzymes C and D of CoA-dependent aldehyde dehydrogenase. Calibration data are the mean of four replicates, and elution details are described in Methods.
Abbreviations are given in the legend to Fig. 3 except for BD (blue dextran) and AP (alkaline phosphatase). No ethanolamine ammonia-lyase activity was found.
Table 3. Effects on enzymes of ethanolamine catabolism in E. coli strain NCIB 11361 of dgferent carbon and nitrogen sources
The concentrations of the variable components were as follows: ammonium sulphate, 1 g 1-; ethanolamine, Nitrogen + Ammonium Ammonium 1 g1-I; vitamin B,,, 40pg1-I; glycerol, 5 g l -I ; sodium acetate, 5 g l -' . Elution from Bio-Gel A-1 .5m of the corresponding extract from cultures grown in the absence of one or both co-inducers produced two peaks of both CoA-dependent aldehyde dehydrogenase (mol. wts 900000 and 120000) and CoA-independent aldehyde dehydrogenase (mol. wts 720000 and 120000) ( Fig. 5) . Blackwell & Turner (1978) isolated a mutant strain of E. coli (NCIB 11361) which exhibited constitutive production of ethanolamine ammonia-lyase in the absence of the co-inducers. Under these conditions, i.e. with glycerol (5 g 1l ) as the carbon source and ammonium sulphate (1 g 1l ) as the nitrogen source, cell-free extracts of this strain exhibited high levels of activity of both ethanolamine ammonia-lyase and CoA-dependent aldehyde dehydrogenase (Table 3) 100 120 140 160 180 200 220 Fraction no. Fig. 6. Elution profile from Bio-Gel A-1.5m of a cell-free extract (100 mg protein) corresponding to activities induced in the parental strain, NCIB 81 14 (Table 1 ). The activity (Table 3) of CoA-independent aldehyde dehydrogenase, however, was similar to that exhibited by strain NCIB 81 14 in the absence of co-inducers (Table 1) . These observations were borne out by the elution profile from Bio-Gel A-1.5m of the cell-free extract, which revealed all four isoenzymes of CoA-dependent aldehyde dehydrogenase (i.e. two inducible and two repressible isoenzymes) but only the two repressible isoenzymes of CoA-independent aldehyde dehydrogenase (Fig. 6 ). In the presence of both co-inducers, strain NCIB 11361 produced elution profiles of all three enzyme activities similar to that of strain NCIB 81 14 (Fig. 3) .
Attempts to induce synthesis of either aldehyde dehydrogenase using a range of aldehydes, including acetaldehyde, butyraldehyde, propionaldehyde and glutaraldehyde, proved unsuccessful, though tracer experiments demonstrated that the bacterial cells took up [ 14C]acetaldehyde. The ethanolamine analogue DL-1 -amino-propan-2-01 is known to be active as an inducer of, but not as a substrate for, ethanolamine ammonia-lyase (Blackwell & Turner, 1978) . Growth of strain NCIB 81 14 in the presence of ammonium sulphate (1 g 1l), glycerol (5 g 1l), vitamin B,, (40 pg 1l ) and 1-amino-propan-2-01 (1 g 1l ) induced activity of both ethanolamine ammonia-lyase and inducible CoA-dependent aldehyde dehydrogenase isoenzymes, as well as a smaller increase in the activity of CoA-independent aldehyde dehydrogenase ( Table 1) . The presence of inducible isoenzymes and the absence of repressible isoenzymes of CoAdependent aldehyde dehydrogenase in strain NCIB 81 14 grown on this medium was demon-' strated by elution of the corresponding cell-free extract from Bio-Gel A-1 Sm.
DISCUSSION
Although previous studies had failed to detect CoA-independent aldehyde dehydrogenase activity in E. coli (Shukla & Turner, 1980) , activity of this enzyme was demonstrated here under appropriate growth conditions. In general, however, our inter-strain data support the earlier findings from inter-species studies that a close-relationship exists between CoA-dependent aldehyde dehydrogenase and ethanolamine ammonia-lyase (Shukla & Turner, 1980) . Growth of E. coli wild-type cultures (e.g. NCIB 81 14) in the presence of glycerol, ethanolamine and vitamin B results in the deamination of ethanolamine (by ethanolamine ammonia-lyase), the resultant ammonia being used to supply the cells with nitrogen, while the acetaldehyde produced is converted to acetyl-CoA by CoA-dependent aldehyde dehydrogenase. When glycerol is absent, ethanolamine can act as the major source of both carbon and nitrogen, acetyl-CoA being further metabolized via the glyoxylate pathway as indicated by the induction of isocitrate lyase, one of the enzymes of this pathway.
During the course of these studies, a cobamide-independent pathway for the utilization of ethanolamine as a nitrogen source was identified in the E. coli mutant strain PDT 74.
Cobamide-independent growth of this strain on ethanolamine as the nitrogen source resulted in the induction of high levels of CoA-independent aldehyde dehydrogenase, presumably to deal with the aldehyde formed from ethanolamine catabolism. This pathway for the catabolism of the carbon skeleton, however, appears incapable of supporting the PDT 74 culture with respect to carbon, although this strain is capable of synthesizing isocitrate lyase in the presence of exogenous acetate. This cobamide-independent pathway of ethanolamine metabolism constitutes a route previously undescribed in E. colior other bacterial species, as no evidence was found for the operation of either of the previously reported cobamide-independent pathways of ethanolamine catabolism. The characteristics of this new pathway are still under investigation. The PDT 74 data further support the theory that the product of ethanolamine catabolism by an enzyme other than ethanolamine ammonia-lyase is metabolized by the CoA-independent form of aldehyde dehydrogenase.
If ethanolamine ammonia-lyase and inducible CoA-dependent aldehyde dehydrogenase are successive enzymes in the pathway of ethanolamine catabolism in E. coli, it is likely that a genetic mechanism exists for co-ordination of their synthesis. This hypothesis is supported by the data presented here. The requirements for and dynamics of induction of both enzyme activities are similar, induction of ethanolamine ammonia-lyase and inducible CoA-dependent aldehyde dehydrogenase being effected by concerted action of ethanolamine and coenzyme B, 2 . The production of ethanolamine ammonia-lyase and inducible CoA-dependent aldehyde dehydrogenase by mutant strain NCIB 11361 grown in the absence of the co-inducers supports the hypothesis that these two enzyme activities are under common genetic control. Chromatographic separation on Bio-Gel A-1.5m and DEAE-cellulose demonstrated that the two activities are due to distinct proteins. As the two enzymes catalyse successive steps in the pathway of ethanolamine catabolism, it is possible that the aldehyde dehydrogenase was induced by the aldehyde product of ethanolamine ammonia-lyase activity. The failure of exogenously-supplied aldehydes to induce aldehyde dehydrogenase activity, and the production of inducible CoAdependent aldehyde dehydrogenase in the absence of aldehyde production by ethanolamine ammonia-lyase (e.g. in the case of strain NCIB 1 1361 grown in the absence of co-inducers, and of strain NCIB 81 14 supplied with 1-amino-propan-2-01 as nitrogen source) serve to demonstrate that the relationship between the two enzymes is not due to sequential induction.
These data suggest that ethanolamine ammonia-lyase and inducible CoA-dependent aldehyde dehydrogenase are under a common genetic control, although it is still unclear if control is co-ordinate or parallel. Under most circumstances, a relatively constant value is obtained for the ethanolamine ammonia-lyase : inducible CoA-dependent aldehyde dehydrogenase activity ratio, suggesting co-ordinate control.
The relationship between the inducible and repressible forms of CoA-dependent aldehyde dehydrogenase is based on the relative effects of ethanolamine and coenzyme B, 2, which act as co-repressors of the repressible isoenzymes and as co-inducers of the inducible isoenzymes. Thus, although ethanolamine ammonia-lyase and inducible aldehyde dehydrogenase may be controlled in a single operon, repressible CoA-dependent aldehyde dehydrogenase will be under a control system separate from that of the other two enzymes. The four-peak CoA-dependent aldehyde dehydrogenase profile exhibited by strain NCIB 11361 in the absence of co-inducers could have been due to a mixed culture of NCIB 11361 and revertants to the parental strain NCIB 81 14. Cultures derived from a single colony, however, still produced the four-peak profile, and no evidence was obtained to support the theory of an excessively high frequency of reversion in NCIB 1 1361.
Like CoA-dependent aldehyde dehydrogenase, CoA-independent aldehyde dehydrogenase also consisted of four isoenzymes, two repressible and two inducible by the concerted action of ethanolamine and coenzyme B1 2 . Three of the four isoenzymes of CoA-independent aldehyde dehydrogenase co-eluted from Bio-Gel A-1 .5m with isoenzymes of CoA-dependent aldehyde dehydrogenase but these could be separated by anion-exchange chromatography, indicating that no structural relationship existed between CoA-dependent and CoA-independent aldehyde dehydrogenases. The lack of effect on CoA-independent, as opposed to CoA-dependent aldehyde dehydrogenase, of the regulatory mutation carried by strain NCIB 1 1361 demon-P. W . JONES AND J. M . T U R N E R strated that, though superficially the two enzymes have similar induction requirements, there is no common regulation between CoA-dependent aldehyde dehydrogenase (and hence ethanolamine ammonia-lyase) and CoA-independent aldehyde dehydrogenase. The work presented here was supported by the Medical Research Council. We are grateful to Ms Kerrie Harvey for valuable technical assistance.
